Human Genome Center minally differentiated retinal cell. A number of transcripLawrence Livermore National Laboratory tion factors involved in this process have been identified Livermore, California 94550 (Freund et al., 1996) . One approach to defining such 5 Mammalian Genetics Laboratory factors has been to clone retina-specific homologs of ABL-Basic Research Program molecules that are known to be important develop-NCI-Frederick Cancer Research mental regulators in other systems (Oliver and Gruss, and Development Center 1977) . A complementary approach has been to use geFrederick, Maryland 21702 netics to identify genes that, when mutated, cause abnormalities of retinal development (Burmeister et al., 1996 ). An additional approach, which is the basis of the Summary work described in this paper, is to search for factors that control the patterns of gene expression characteristic The otd/Otx gene family encodes paired-like homeoof the terminally differentiated state and then to work domain proteins that are involved in the regulation of backwards from there to identify progressively earlier anterior head structure and sensory organ developacting regulatory factors.
ment. Using the yeast one-hybrid screen with a bait
A number of groups have chosen to study photorecontaining the Ret 4 site from the bovine rhodopsin ceptor gene expression as a model for understanding promoter, we have cloned a new member of the family, the regulation of retinal gene expression (Kumar and Crx (Cone rod homeobox). Crx encodes a 299 amino Zack, 1995) . Progress has been made in identifying acid residue protein with a paired-like homeodomain some of the cis-acting DNA elements that regulate near its N terminus. In the adult, it is expressed prethe expression of a number of photoreceptor-specific dominantly in photoreceptors and pinealocytes. In the genes. Transgenic and other studies have identified regdeveloping mouse retina, it is expressed by embryonic ulatory regions important for the expression of rhodopday 12.5 (E12.5). Recombinant Crx binds in vitro not sin, the cone opsins (Wang et al., 1992; ; only to the Ret 4 site but also to the Ret 1 and BAT-1 Chiu et al., 1994) , interphotoreceptor retinoid-binding sites. In transient transfection studies, Crx transactiprotein (IRBP; Liou et al., 1990 Liou et al., , 1991 Liou et al., , 1994 ; Bobola et vates rhodopsin promoter-reporter constructs. Its ac al., 1995; Boatright et al., 1997) , ␤-phosphodiesterase tivity is synergistic with that of Nrl. Crx also binds to (PDE; Di Polo et al., 1996) , and arrestin (Kikuchi et al., and transactivates the genes for several other pho-1993; Lu et al., 1994) . Within the rhodopsin upstream toreceptor cell-specific proteins (interphotoreceptor region, two complementary regulatory regions have retinoid-binding protein, ␤-phosphodiesterase, and been defined. The rhodopsin proximal promoter region arrestin). Human Crx maps to chromosome 19q13.3, (RPPR), located within the region from Ϫ176 to ϩ70 bp the site of a cone rod dystrophy (CORDII). These studin the bovine gene, is sufficient to direct photoreceptories implicate Crx as a potentially important regulator of specific expression of a lacZ-reporter gene (Lem et al., photoreceptor cell development and gene expression 1991; Zack et al., 1991; Chen et al., unpublished data) . and also identify it as a candidate gene for CORDII
The rhodopsin enhancer region (RER), an evolutionarily and other retinal diseases.
conserved 100 bp sequence that is located 1.5-2 kb upstream and shares homology with the red/green opsin Introduction locus control region, is important for high level rhodopsin expression (Nie et al., 1996) . The retina is a highly specialized extension of the central Biochemical studies, such as DNase I footprint and nervous system that has evolved to carry out photoelectrophoretic mobility shift (EMSA) assays, have identransduction and initial visual signal processing. Develtified a number of protein-binding regions within the opmentally, it arises from a common group of neuroepirhodopsin upstream region, including Ret 1 (Morabito thelium-derived multipotential progenitor cells (Wetts et al., 1991) , Ret 2, and Ret 3 (Yu et al., 1993) ; BAT-1 and and Fraser, 1988; Turner et al., 1990) . Through a complex CRS-1 (DesJardin and Hauswirth, 1996) ; and Eopsin-1 process of cell fate determination, cell migration, and (Ahmad, 1995) . A regulatory element defined in the arrestin promoter, the PCE 1 site, is similar to and may be functionally equivalent to the Ret 1 site (Kikuchi et al., 6 These authors contributed equally to this work. 7 To whom correspondence should be addressed.
1993). Partial characterization of the retinal Ret 1/PCE The figure shows the sequence of the bovine rhodopsin upstream region from Ϫ228 to ϩ12 bp. Indicated are the positions of the CRS-1, Ret 1, BAT-1, Eopsin-1, NRE, and Ret 4 sites. Note that there is ambiguity as to the exact location and extent of the Ret 1 and Eopsin-1 sites because they were initially defined in the rat rhodopsin gene. The indicated extent of Ret 1 is based on the protected region in the cow (DesJardin and Hauswirth, 1996) , rather than the more extended region initially defined in the rat (Morabito et al., 1991) . The indicated position of Eopsin-1 is based on its relative position upstream of Ret 1 in the rat (Ahmad, 1995) . The site indicated as Eopsin-1* is actually a better sequence match to the rat site, but its relative position is different. The regions footprinted by Crx (see Figure 5 ) are shaded. The figure also shows the Ret 4 bait sequence used in the one-hybrid screen, the probes used in the EMSAs (pRet 1, pBAT-1, and pRet 4; see Figure 6 ), and the transcription initiation sites.
binding activity suggested that at least some of the Results activity is due to a developmentally regulated 40 kDa
Cloning of Crx protein (Yu and Barnstable, 1994) . Transgenic analysis
The yeast one-hybrid system with a bovine retinal cDNAshowed that multimers of the Ret 1/PCE site, together GAL4 activation domain fusion library (Kumar et al., with the hsp68 minimal heat shock promoter, can direct 1996) was employed with a bait consisting of a tetramer reporter gene expression in photoreceptor cells (Yu et of the bovine rhodopsin promoter sequence from Ϫ54 to al. , 1996) .
Ϫ46 bp in order to identify putative rhodopsin regulatory Another binding site, Ret 4, was identified using a factors that bind to the Ret 4 site (see Figure 1 ). Transbovine retina in vitro transcription system as a functional formants (1.7 ϫ 10 6 ) were screened, yielding 24 primary assay . The Ret 4 site, located positive colonies, which grew on HIS Ϫ plates. Of these between Ϫ54 and Ϫ40 bp in the bovine rhodopsin gene, 24, 4 were positive in a secondary assay using lacZ is bound by both retina-specific and more ubiquitously as the reporter. Sequencing revealed that 2 of these expressed protein factors. The retina-specific and ubiqrepresented clones of the same cDNA, namely Crx, and uitous factors have distinct DNA sequence specificity, demonstrated that they contained the full open reading as shown by the finding that mutations in the Ϫ54 to frame. Ϫ46 bp region specifically eliminated the retina-specific
The full coding regions of the human and murine orshift in an EMSA, whereas mutations in the Ϫ45 to Ϫ40 thologs of Crx were obtained by reverse transcription bp region specifically eliminated the ubiquitous shift.
polymerase chain reaction (RT-PCR) based on the boDespite these advances that have been made in definvine Crx sequence and sequences in dbEST (National ing putative cis-acting elements in the rhodopsin gene, Center for Biotechnology Information). Database searches however, progress in identifying and characterizing the revealed that Crx is a novel member of the otd/Otx family factors that bind to these sites has been more limited.
(BLAST, NCBI). Crx is more similar to Otx1 (33%-39% The only transcription factor that has so far been funcidentity) and Otx2 (43%-44% identity) than to other tionally implicated in rhodopsin regulation is the bZIP members of the otd/Otx family (see Figure 2A ). Human protein neural retina leucine zipper (Nrl), which binds Otx1 and Otx2 are themselves 51% identical. Crx itself to the rhodopsin Nrl-response element (NRE) and in is highly conserved evolutionarily, similar in extent to transient transfection studies transactivates expression that of Otx2, and in contrast to Otx1, which is more evoluof rhodopsin reporter constructs  tionarily diverged. The predicted protein sequences of Rehemtulla et al., 1996) . In an effort to clone cDNAs human, bovine, and murine Crx are 96% identical, with encoding other transcription factors that bind to the 100% conservation of their homeodomains. The Crx horhodopsin promoter, we have been using the yeast onemeodomain is of the paired-like class, showing identity hybrid system (Wang and Reed, 1993) with various fragat 8 of the 16 paired-specific amino acid residues (Bopp ments of the RPPR as bait. In this paper, we describe et al., 1986) . The Crx homeodomain is 88% and 87% the cloning of a novel otd/Otx-like gene, named Cone identical to the human Otx1 and Otx2 homeodomains, rod homeobox (Crx), using the Ret 4 site as bait. In the respectively. Like otd, Otx1, and Otx2, and also Droadult, Crx is expressed predominantly in retinal photoresophila bicoid (bcd) and frog goosecoid (gsc), Crx has ceptors and pinealocytes. Bacterially expressed Crx a lysine residue in the ninth position of the third recognibinds specifically to multiple sites in the rhodopsin protion helix of the homeodomain (Simeone et al., 1992) . moter, as well as to the promoters of several other phoCrx and other Otx family members, including otd, share toreceptor-specific genes. In addition, Crx transactivates a glutamine-rich domain just C-terminal to the homeothe expression of rhodopsin promoter-reporter condomain. Crx, Otx1, and Otx2, but not otd, have a polybastructs, as well as other photoreceptor-specific genes, sic region C-terminal of the glutamine-rich domain. Sevin transiently transfected 293 cells. The Crx gene maps eral additional sequences conserved among many of in the immediate vicinity of a previously mapped conethe Otx family members, but not otd, are SIWSPASESP, rod dystrophy, making it a strong candidate gene for SYFSG, LSPM, and LDYKDQ, the latter of which is part of the conserved C-terminal tail region (Figure 2A ). Unlike this disease. [Furukawa et al., 1997; Mathers et al., 1997] , murine Chx10 [Liu et al., 1994] , and human Pax6 [Ton et al., 1991] ). Residues that are identical to human Crx are indicated with a "-;" sites at which a space was introduced for purposes of alignment are indicated with a "." The homeodomains are shaded, the positions of the three helices are indicated, and the conserved lysine is boxed. Also indicated are the glutaminerich (Gln), basic, and C-terminal (Tail) domains and the conserved SIWSPASESP, SYFSG, LSPM, and LDYKDQ sequences, which are shaded. (Note that the sequence shown of the seven N-terminal and six C-terminal amino acid residues of murine Crx is based on the bovine and human sequences, because the primers used to PCR amplify the murine sequence spanned these regions.) (B) Immunoblot using an affinity purified antibody (1:80) raised to a GST-fusion protein containing residues 136-254 of bovine Crx. The lanes contain ‫001ف‬ g of bovine retina (Ret) and cerebral cortex (Brain) nuclear extract. The apparent molecular weight of the band(s) presumably representing Crx (arrow) is ‫93ف‬ kDa. some other paired homeodomain-containing proteins, pigmentosa ( ; 19q13.4; Al Maghtheh et al., 1996) , but the mapping data places it closer to the CORDII Crx does not contain a paired domain nor a conserved octapeptide.
site.
The mouse chromosomal location of Crx was deterThe calculated molecular weight of Crx is 32.3 kDa. By immunoblot analysis, the apparent molecular weight mined by interspecific backcross analysis using progeny derived from matings of (C57BL/6J ϫ Mus spretis 39 kDa ( Figure 2B ). Note that, despite having used an affinity-purified antibody, the immunoblot demonstrates us)F1 ϫ C57BL/6J mice (Copeland and Jenkins, 1991) . The 6.4 kb PvuII M. spretus restriction fragment length a number of bands with both the retina and brain (cortex) extracts. The doublet indicated with an arrow presumpolymorphism (RFLP; see Experimental Procedures) was used to follow the segregation of the Crx locus in ably represents Crx, both because it is of approximately the expected molecular weight and because it is present backcross mice. The mapping results indicated that Crx is located in the proximal region of mouse chromosome in the retina extract but not in the brain extract (see below). The difference in size between the calculated 7 linked to Pvs, Tgfb1, and Gpil. Although 173 mice were analyzed for every marker, up to 188 mice were typed and apparent molecular weights of Crx is likely to be due, at least in part, to posttranslational modifications.
for some pairs of markers. Each locus was analyzed in pairwise combinations for recombination frequencies The presence of a doublet may reflect partial proteolysis or different states of posttranslational modification.
using the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and Crx Maps to Human Chromosome 19q13.3, the Site of a Cone-Rod Dystrophy the most likely gene order are: centromere-Crx-1/188-Pvs-1/181-Tgfb1-8/178-Gpil. The recombination freTo determine if Crx might be a candidate gene for any known human disease, its chromosomal position was quencies (expressed as genetic distances in centiMorgans [cM] Ϯ SEM) are: Crx-0.5 Ϯ 0.5-Pvs-0.6 Ϯ mapped by radiation hybrid analysis. Using the Stanford G3 panel, linkage to marker D19S1057 (1729.03 on the 0.6-Tgfb1-4.5 Ϯ 1.6-Gpil. The proximal region of mouse chromosome 7 shares a region of homology with human SHGC map) was obtained with a lod score of 11.84. Based on nearby anchor markers, D19S1057 correchromosome 19q13.
We have compared our interspecific map of chromosponds to 19q13.3 on the genetic linkage map. Fluorescent in situ hybridization (FISH) analysis confirmed the some 7 with a composite mouse linkage map that reports the map location of many uncloned mouse mutalocalization to 19q13.3 (data not shown). 19q13.3 is the site of a cone-rod dystrophy (CORDII;  tions (provided by Mouse Genome Database, The Jackson Laboratory, Bar Harbor, Maine). The region to which Crx Gregory et al., 1994) . Crx is also near a locus for retinitis of rat brain containing the pineal gland was hybridized. Strong Crx expression was evident specifically within the pineal gland and was absent from the surrounding brain tissue ( Figure 4C ).
In situ hybridization with tissue from mouse embryos and perinatal animals was performed to assess the pattern of expression of Crx in the developing retina. By embryonic day 12.5 (E12.5), patches of Crx expression were evident in the developing neuroepithelium ( Figure  4D ). At E14.5, the signal was localized to the ventricular zone adjacent to the developing RPE ( Figure 4E ). At E17.5, as well as at E20.5, the signal was stronger and broader but still largely localized to the ventricular zone ( Figures 4F-4H ). At postnatal day 3 (P3), which is near the time of maximal rod cell proliferation and genesis (Carter and LaVail, 1979) and the beginning of rhodopsin expression (Treisman et al., 1988) , the zone of signal markedly broadened and intensified ( Figure 4I ). At P5, (1) RPE, (2) retina, (3) brain (cortex and cerebellum), (4) heart, (5) into distinct outer and inner nuclear layers was evident, liver, (6) muscle, and (7) testis.
Crx expression was predominantly localized to cells of expression was also present, possibly representing ectopic photoreceptors (Araki et al., 1988) . mapped on the composite map lacks mouse mutations with a phenotype that might be expected for an alteration in this locus (data not shown).
Crx Binds Independently to Three Sites in the RPPR: Ret 1, Ret 4, and BAT-1 As a first step to assess the function of Crx, we explored Crx Is Expressed in Photoreceptor Cells and Pinealocytes its ability to bind to the rhodopsin promoter in vitro. Fulllength Crx-polyhistidine fusion protein (Crx-his) as well Northern blot analysis indicated that among the seven bovine tissues tested (retinal pigment epithelium [RPE] , as homeodomain-only (plus five flanking N-terminal and nine flanking C-terminal amino acid residues; residues retina, brain, heart, liver, muscle, and testis), Crx expression is retina-specific (Figure 3 ). There is a single major 34-107) glutathione-S-transferase (GST) (CrxHD-GST) and polyhistidine (CrxHD-his) fusion proteins were syntranscript of 3.3 kb. There is also a trace signal in the RPE lane. However, this is most likely due to contamination of thesized in bacteria and purified ( Figure 5A ). Pilot experiments demonstrated that Crx-his, CrxHD-GST, and the RPE RNA with retinal RNA. In situ hybridization of albino mouse retina with a Crx probe did not show deCrxHD-his all produced essentially the same DNase I footprint pattern with the RPPR as template (data not tectable signal in the RPE (data not shown).
In situ hybridization of adult mouse and rat retina shown). Because the yield of CrxHD-GST was significantly greater than that of the other peptides, it was demonstrated that rods express high levels of Crx mRNA ( Figure 4A ; rat data not shown). Although expression is used for most of the subsequent binding experiments. Using the Ϫ225 bp to ϩ70 bp bovine rhodopsin fraglargely photoreceptor cell-specific, strongest in the inner segments, on overdeveloped sections there was ment as template, CrxHD-GST protected three distinct regions in the bovine RPPR, and it protected nearly also some weak and spotty signal over the outer aspect of the inner nuclear layer (INL; Figure 4A ). Whether this identical sequences on both strands ( Figure 5B ). As expected, given that Crx was cloned using the Ret 4 site actually represents expression by some cells of the INL versus trace RNA present in the synaptic region of phoas bait, the Ret 4 sequence was protected. Interestingly, strong protection was also evident over the Ret 1 and toreceptor cells is unclear. The signal could be from ectopic opsin-expressing rod-like cells that have been BAT-1 sites. Electrophoretic mobility shift assays (EMSAs) were reported in the INL of the rat retina (Araki et al., 1988) .
It is difficult to determine from the mouse and rat in performed to confirm these findings and also to explore the binding site specificity of Crx more carefully. As situs if Crx is expressed in cones as well as rods, due to the strong diffuse signal, the paucity of cones, and expected from the footprint results, CrxHD effectively shifted DNA oligomers containing the Ret 4 ( Figure 6A , the morphological similarity of rods and cones in the rodent retina. In order to address this question, we analanes 2-4), Ret 1 ( Figure 6B , lanes 2-4), and BAT-1 (Figure 6C , lanes 2-4) sites. EMSAs with oligomers conlyzed sections of monkey retina, which allow easy discrimination between rods and cones, and found that taining mutations in the Ret 4 site indicated that the sequence GGAGCTTAG (Ϫ54 to Ϫ46 bp in the bovine Crx appears to be expressed in cones as well as rods ( Figure 4B ). gene), and more specifically the subsequence GCTTAG, is critical for binding ( Figure 6A, lanes 5-13) . Mutations Since pinealocytes express many phototransductionrelated genes (Blackshaw et al., submitted), a section in the sequence from Ϫ45 to Ϫ38 bp did not have a detectable effect on binding (lanes 14-22). This specificbeen due to low affinity binding, we also tested the mutant oligomers in a cold competition EMSA with raity closely parallels that found previously with bovine retinal nuclear extracts, in that the retina-specific Ret 4 diolabeled wild-type BAT-1 oligomer ( Figure 6D ). Mutant B oligomer inhibited binding, but not as well as wildshift was also dependent on sequences from Ϫ54 to Ϫ46 bp . Similar mutation analysis type oligomer. Mutant A oligomer inhibited binding partially, but not as well as mutant oligomer B. Mutant AB of the Ret 1/PCE site demonstrated the importance of the CAATTA (Ϫ132 to Ϫ127 bp) sequence ( Figure 6B , oligomer, which has mutations in both the A and B sites, did not demonstrate significant inhibition. An oligomer lanes 5-8).
The situation with BAT-1 is more complicated because (mC) with mutation of the ATTA-like sequence (ATAA) just downstream from site B inhibited binding as well as the the protected sequence is a P3-type homeodomain consensus site (Wilson et al., 1993) , which contains two wild-type oligomer, suggesting that the ATAA sequence is not important for Crx binding. Taken together, these potential binding sites with dyad symmetry. We refer to the more 5Ј site as A and the more 3Ј one as B. Surprisresults indicate that sites A and B both participate in binding to Crx and suggest, although not quantitatively, ingly, mutation of both putative binding sites (mAB) reduced but did not eliminate the shift in the direct binding that binding to site A is stronger than to site B.
Cold competition experiments were also performed assay ( Figure 6C, lanes 11-13) . Since the shift could have 3) and immunoblot (lanes 4 and 5) demonstrating purification of CrxHD-GST fusion peptide. Lane 1 contains protein molecular weight markers (BRL); the numbers adjacent to the markers represent the apparent molecular weights (kDa). Lanes 2 and 4 contain crude extract from BL21 E. coli transformed with the CrxHD-GST fusion plasmid. Lanes 3 and 5 contain 0.5 g of the purified fusion peptide, indicated with an arrow. (B) Footprint analysis of the bovine rhodopsin promoter region. A PCR fragment spanning Ϫ225 to ϩ70 bp of the RPPR was end labeled with 32 P at either the Ϫ225 bp end (top strand, lanes 1-5) or the ϩ70 bp end (bottom strand, lanes 6-10). The end-labeled fragments were incubated with 100, 10, 1, or 0.1 ng of purified CrxHD-GST fusion peptide (lanes 2-5 and 7-10, respectively). Lanes 1 and 6 did not receive any fusion peptide. to compare the relative binding of Crx to the BAT-1, Ret factor(s) , we included EMSAs with the mutant probes so as to assess the specificity 1, and Ret 4 sites. With labeled BAT-1 as probe, cold BAT-1 inhibited well but there was little, if any, inhibition of the supershifts ( Figure 6F ). Supershifts were observed with both the wild-type and retina-specific probes with cold Ret 1 or Ret 4 ( Figure 6E ). In fact, Ret 1 and Ret 4 inhibited less well than the mA and mB BAT-1 (M45-43; lanes 1-4 and 6-8) but were not detectable with the ubiquitous probe (M48-46; lanes 9-11). As addimutant oligomers (compare with Figure 6D , lanes 5-10). In analogous experiments with labeled Ret 1 and Ret 4 tional specificity controls, the anti-Crx antibody did not shift labeled wild-type oligomer in the absence of nuas probe, BAT-1 oligomer was also the most efficient inhibitor, although the differences in inhibition were less clear extract (lane 5), and there was no evidence of a supershift in EMSAs performed with brain and liver than with the BAT-1 probe (data not shown). These findings are consistent with the DNase I footprint experinuclear extracts (data not shown). These results demonstrate that at least some of the retina-specific Ret 4 ments, which showed that it took less Crx protein to protect the BAT-1 site than to protect the other sites binding activity present in bovine retina extracts is indeed due to Crx or to an immunologically related protein. (Figure 5B ).
Given that the antibody used was raised against bovine Crx residues 136-254, a region that is not well conserved At Least Part of the Ret 4 Binding Activity Present in Retinal Nuclear Extracts Is Due to Crx among the otd/Otx family and does not include the homeodomain (Figure 2A) , it seems most likely that the Although the above experiments demonstrated that Crx can bind to the Ret 4, Ret 1, and BAT-1 sites, they observed reaction was due to binding to Crx. do not directly demonstrate that the binding activity present in crude retinal nuclear extracts is actually due to Crx. In order to address this question with the Ret 4
Crx Also Binds to the Promoters of Other Photoreceptor-Specific Genes site, supershift experiments with bovine retinal extract and an affinity-purified antibody to Crx were performed.
Since Crx binds to the Ret 1/PCE site, and similar or identical sites have been identified in the promoters of Since we had previously demonstrated that the full Ret 4 site interacts with both retina-specific and more ubiqa number of other photoreceptor-specific genes (Morabito et al., 1991; Kikuchi et al., 1993; Yu and Barnstable, uitously expressed factors, and that mutant oligomers could be designed that shifted only with the retina-spe-1994), we tested whether Crx could bind to the promoters of some of these other photoreceptor-specific genes. cific factor(s) or only with the ubiquitously expressed 5-22) . The numbers on the top of the figure represent positions of the mutations as described previously . Each set of lanes received 200, 20, and 2 ng of CrxHD-His fusion peptide, respectively, except for lane 1, which did not receive any peptide. (B) EMSA with wild-type and mutant Ret 1 probes. Crx strongly protects a number of sites in the IRBP, non-photoreceptor-specific gene, collagenase, did not show evidence of transactivation with Crx ( Figure 7B ). ␤-PDE, and arrestin promoters ( Figures 5C-5E) .
Compilation of the protected regions from the rhodopSince we had previously demonstrated that Nrl could transactivate rhodopsin promoters that contain the NRE sin, IRBP, ␤-PDE, and arrestin footprints revealed a consensus binding site, C/TTAATCC ( Figure 5F ), which is Rehemtulla et al., 1996) , we tested Crx for the ability to act synergistically with Nrl. As shown similar to the TAATCC/T consensus, which has been identified for Otx-like and other homeodomain proteins in Figure 7C , Crx and Nrl act synergistically with each other, in that the level of transactivation when they are that contain a lysine at position 51 in the homeodomain (Hanes and Brent, 1991; Treisman et al., 1991; expressed together (115-fold) is significantly greater than the summation of their individual transactivation al., 1994; Kockel et al., 1997) . Most of the extended protected regions have more than one TAAT-like seactivities. quence within them.
Crx Transactivates Rhodopsin Promoter Activity
Crx Also Transactivates Other Photoreceptor-Specific Genes and Acts Synergistically with Nrl To test Crx for the ability to transactivate the rhodopsin Based on its DNA-binding properties, Crx was also tested for the ability to transactivate photoreceptor-spepromoter, Crx was transiently expressed in human embryonic kidney (293) cells together with various RPPR/ cific genes other than rhodopsin. As shown in Figures  7D-7F , Crx activated expression of bovine IRBP, human luciferase reporter constructs. Crx increased RPPR activity six-to sevenfold with the Ϫ130 to ϩ70 bp bovine ␤-PDE, and human arrestin promoter constructs in a dose-dependent manner. The level of activation of the rhodopsin promoter construct , which contains the Ret 1, BAT-1, NRE, and Ret 4 sites, in a IRBP promoter was the highest, four-to fivefold, and it was similar to that observed with the RPPR. Stimulation dose-dependent fashion ( Figure 7A ). Maximal stimulation was achieved with 1 g/plate of Crx expression of the ␤-PDE and arrestin promoters was limited to twoto threefold. plasmid. A construct containing the promoter from a
Discussion
is approximately the time of cone cell genesis (Carter and LaVail, 1979) . Furthermore, the time of peak Crx otd/Otx Family Members Are Involved in Retinal Development expression, P3, is near the time of maximal rod cell proliferation and genesis (Carter and LaVail, 1979) and The otd/Otx gene family, which is a subfamily of the paired-like homeodomain-containing family of tranthe beginning of rhodopsin expression (Treisman et al., 1988) . scription factors, is involved in determination of anterior head structures in both invertebrates and vertebrates Unlike some developmentally important transcription factors, Crx is also highly expressed in the adult. A (Finkelstein and Boncinelli, 1994; Royet and Finkelstein, 1995; Bally-Cuif and Boncinelli, 1997) . In this paper, we number of lines of evidence suggest that Crx may play a role in regulation of a whole array of genes characterishave described the cloning and initial characterization of Crx, a new member of the otd/Otx subfamily, which tic of the terminally differentiated state of photoreceptors. In this paper, we have presented evidence that appears to be a regulator of photoreceptor-specific gene expression. Prior to the discovery of Crx, evidence
Crx can bind to and transactivate the rhodopsin, IRBP, ␤-PDE, and arrestin promoters. In the RPPR, it binds to had already begun to accumulate suggesting that members of the otd/Otx family play an important role in retinal three previously identified regulatory regions, the Ret 1, BAT-1, and Ret 4 sites. The apparent molecular weight development. In Drosophila, orthodenticle (otd), in addition to its other activities, is required for normal developof bovine Crx, 39 kDa, is essentially identical to that which has been published for the rat Ret 1 binding factor, ment of ocelli in the adult fly (Finkelstein et al., 1990) . Drosophila photoreceptors are, in fact, particularly senwhich is 40 kDa based on Southwestern analysis (Yu and Barnstable, 1994) . Crx footprint region II in the IRBP sitive to otd function-the mutant phenotype associated with one hypomorphic allele, otd uvi , is limited to disruppromoter ( Figure 5C ) contains the TTAATC sequence, which, based on mutation analysis in transgenic mice, tion of normal photoreceptor cell development, despite the widespread expression of otd (Vandendries et al., has been implicated as functionally important in the regulation of IRBP expression (Bobola et al., 1995) . The 1996).
Evidence also suggests an important and evolutionconsensus Crx binding site, C/TTAATCC, is also present in other photoreceptor-specific genes. The locus control arily conserved role for otd homologs in vertebrate eye development. Otd homologs have been identified in region upstream of the red/green opsin cluster contains a highly conserved 37 bp region that shares significant mice (Otx1 and Otx2; Simeone et al., 1992) , Xenopus (XOtx1, XOtx2, and XOtx4; Kablar et al., 1996) , zebrafish homology to the rhodopsin RER (Wang et al., 1992; Nie et al., 1996) . Contained within this region, in both the (Li et al., 1994; Mori et al., 1994; Mercier et al., 1995) , and chick (Bally-Cuif and Boncinelli, 1997) . In mid-to-LCR and the RER, is the sequence TAATCA. Additionally suggestive is that Crx is expressed in the pineal gland, late stages of development, when Otx2 expression in the mouse is present in most regions of the forebrain which itself expresses a number of photoreceptor-specific genes (Blackshaw et al., submitted) . and midbrain neuroepithelium, its expression includes the eye field (Boncinelli and Mallamaci, 1995) . HomozyThe high level of transactivation achieved by the coexpression of Crx and Nrl, and the precedent that some gous Otx2 knockout mice, which are embryonic lethal, do not develop structures anterior to rhombomere 3, "master regulators," upon expression in one cell type, can induce differentiation markers of another cell linand thus they do not develop eyes (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . In heterozyeage (Weintraub et al., 1989) , suggested the possibility that the combined expression of Crx and Nrl in 293 cells gous knockouts, there are abnormalities of eye development, including microphthalmia and hyperplastic retina could induce expression of the 293 cells' endogenous photoreceptor-specific genes. However, using a sensiand retinal pigment epithelium (RPE; Matsuo et al., 1995) . Consistent with these results, careful in situ hytive RT-PCR reaction, we could not detect any evidence of rod, red, or blue opsin expression in the cotransfected bridization analysis of chick eye development demonstrated that Otx2 is expressed in precursors of the RPE cells (unpublished data). Crx's ability to act synergistically with Nrl is intriguing and later in cells of the neural retina, suggesting that Otx2 might be both necessary for RPE determination given our previous finding from deletion analysis of the bovine rhodopsin promoter that the region from Ϫ130 and involved in neural retina differentiation (Bovolenta to Ϫ84 bp contains a positively acting element, which et al. , 1997) .
increases the level of Nrl-mediated transactivation . Although we did not define the specific Crx May Play a Role in Both Early and Late element involved, given the data presented in this paper Photoreceptor Development it seems likely that the observed activity was due to Given the role of the otd/Otx gene family in general, binding of Crx to the Crx binding sites in the Ret 1 and particularly in influencing cell fate decisions (Mao et al., BAT-1 elements. Future mutagenesis of these sites will 1996), and the finding that Crx expression in the mouse allow testing of this hypothesis. retina begins by E12.5 and is largely restricted to the In interpreting the data supporting a role for Crx in photoreceptor precursor region in the developing retina, regulating retinal gene expression, it should also be it seems reasonable to speculate that Crx plays an imnoted that the evidence is largely in vitro in nature and portant role in retinal development, perhaps in helping thus subject to certain limitations. The 293 cells provide to specify photoreceptor cell fate. Consistent with such a useful system for transient transfection analysis, but a postulated role is that Crx expression predates that they are not retinal cells. To address this issue, we carried out cotransfections using primary chick retinal cell of any known photoreceptor-specific markers and E12.5
human Crx was obtained from dbEST (NCBI) based on clone cultures as previously described .
ID#275861, but the clone itself was not available. cDNAs containing However, in these preliminary studies, Crx did not signifthe full open reading frames of human and murine Crx were cloned icantly transactivate the expression of rhodopsin proby RT-PCR from total RNA derived from human and mouse retina, moter-reporter constructs (unpublished data). Although respectively. First strand cDNA synthesis was carried out using 2 the reason for this is unclear, possibilities include probg of total retinal RNA, M-MuLV reverse transcriptase (BRL), and an oligo dT primer. The resulting products were PCR amplified using lems related to species differences and the fact that products, 900 bp for the murine and 1078 bp for the human, were subcloned into the SmaI site of the pBluescript II KS vector (Stratagene) and sequenced.
Crx Is a Candidate Gene for CORDII
The term cone-rod dystrophy encompasses a spectrum in that in the latter condition, loss of rod photoreceptor Serum obtained from 11 week bleed was preadsorbed with GSTSepharose and then affinity purified with the immunizing fusion pepfunction precedes cone function loss, and the initial tide bound to Affi-Gel 15 (Bio-Rad, Richmond, CA) as previously pathology is in the mid-peripheral retina rather than in described (Chang et al., 1997) . the macula. Crx maps in a location consistent with the Proteins were analyzed by 11% SDS-PAGE. Immunoblot analysis possibility that Crx mutations could be responsible for with anti-Crx (1:80) was carried out essentially as described prechromosome 19-linked CORDII (Gregory et al., 1994) .
viously (Chang et al., 1997) , using nuclear extracts from bovine retina
The expression pattern and apparent ability of Crx to and cerebral cortex . For blots with anti-GST (Sigma), the secondary antibody was alkaline phosphataseregulate expression of a number of photoreceptor-speconjugated rabbit anti-goat IgG (Sigma). The signal was detected cific genes is also consistent with it being associated , 1997) . If Crx turns out to be The NIGMS hybrid DNA 2 and Stanford G3 radiation hybrid (Research Genetics) panels were analyzed by PCR according to the associated with CORD, it will be the first example of directions of the supplier, using primers from the 3Ј-untranslated mutation of a transcription factor causing a retinal deregion of the human Crx gene that do not cross-react with rodent generation, although mutations in transcription factors Crx (5Ј primer, 5Ј-TCAGATCTTGTAGAGGACGCAG-3Ј; 3Јprimer, 5Ј-have certainly been identified as the cause of a number CTCTCCCTGTGGAGGAAAG-3Ј). The PCR reaction buffer was supof diseases (Latchman, 1996) , including other ocular plemented with 5% DMSO, and the amplification program was as diseases (Glaser et al., 1992) . Ongoing studies of individfollows: 94ЊC for 5 min; 94ЊC for 1 min, 60ЊC for 30 s, and 72ЊC for 30 s, repeated for 30 cycles; and 72ЊC for 5 min. Results were uals with CORD and other retinal conditions will hopeanalyzed using the Stanford Human Genetics Center and Entrez fully soon resolve whether mutations of Crx are, in fact, (NCBI) websites. associated with ocular disease, and they may also provide new insights into the function of Crx.
Fluorescence In Situ Hybridization
FISH mapping with cosmid 30584, which hybridizes with the human
Experimental Procedures
Crx cDNA, was performed as previously described (Garcia et al., 1995) . Yeast One-Hybrid Screening Yeast one-hybrid screening with a bovine retinal cDNA-GAL4 fusion
Interspecific Mouse Backcross Mapping library was carried out essentially as described previously (Kumar Interspecific backcross progeny were generated by mating (C57BL/ et al., 1996) . pHISi-Ret 4 and pLacZ-Ret 4 bait plasmids were con-6J ϫ M. spretus)F1 females and C57BL/6J males as described structed using synthetic DNA oligomers containing a tetramer of (Copeland and Jenkins, 1991) . A total of 205 N2 mice were used to the bovine rhodopsin promoter sequence from Ϫ54 to Ϫ46 bp, map the Crx locus (see text for details). DNA isolation, restriction which contains the Ret 4 core sequence . enzyme digestion, agarose gel electrophoresis, Southern blot transXhoI cut pHISi-1 and NcoI cut placZ bait plasmids were integrated fer, and hybridization were performed essentially as described (Jeninto the genome of the yeast YM4271 by homologous recombinakins et al., 1982) . All blots were prepared with Hybond-N ϩ nylon tion. Primary screening with pHISi-Ret 4 containing YM4271 was membrane (Amersham). The probe, a ‫083ف‬ bp EcoRI/XbaI fragment carried out on HIS Ϫ , LEU Ϫ , SD plates supplemented with 20 mM of mouse Crx cDNA, was labeled with ␣ 32 P dCTP using a random 3-amino-1,2,4-triazole.
primed labeling kit (Stratagene); washing was done to a final stringency of 1.0 ϫ SSCP containing 0.1% SDS at 65ЊC. A major fragment of 7.0 kb was detected in PvuII digested C57BL/6J DNA and a major Cloning of Murine and Human Crx cDNAs An EST clone that encodes a partial-length cDNA for human Crx fragment of 6.4 kb was detected in PvuII digested M. spretus DNA.
The presence or absence of the 6.4 kb PvuII M. spretus-specific was obtained from Research Genetics (WashU-Merck EST Project, IMAGE Consortium ID#381301). Partial sequence of the 5Ј end of fragment was followed in backcross mice.
A description of the probes and RFLPs for the loci linked to Crx, as previously described , except that transfections with glycerol shock were carried out with 50%-80% confluent including Pvs, Tgfb1, and Gpil, has been reported previously (Bosserhoff et al., 1997) . Recombination distances were calculated using 10 cm plates of 293 cells grown in DMEM, 10% fetal bovine serum, and 1% penicillin/streptomycin (GIBCO-BRL), and harvesting was Map Manager, version 2.6.5. Gene order was determined by minimizing the number of recombination events required to explain the done 44 hr posttransfection. allele distribution patterns.
